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Two enzyme types, penicillin V acylases
(PVA) and penicillin G acylases (PGA),
with distinct substrate preferences,
account for all the enzymic industrial
production of 6-aminopenicillanic
acid1,2. This b-lactam compound is then
elaborated into a range of semi-synthetic
penicillins. Although their industrial
substrates are very similar, representative
examples of the two enzyme types differ
widely in molecular properties. PVA
from Bacillus sphaericus is tetrameric
with a monomer Mr of 35,000 while PGA
from Escherichia coli is a heterodimer of
Mr 90,000. Furthermore, they have no
detectable sequence homology. These
differences, which exist in spite of the
similarity of their industrial substrates,
provoked us to determine the crystal
structure of PVA to establish the nature
of its catalytic mechanism and to identify
any biochemical and structural relation-
ships with PGA and other Ntn (N-termi-
nal nucleophile) hydrolases.

The PVA molecule is a well-defined
tetramer with 222 organization made up
of two obvious dimers (A and D) and (B
and C), which generate a flat disc-like
assembly (Fig. 1a). The X-ray analysis
revealed that the PVA monomer contains
two central anti-parallel b-sheets above
and below which is a pair of anti-parallel
helices (Fig. 1b). There are two exten-
sions, one from the upper pair of helices
and the other at the C-terminal segment,
that interact with other monomers in the
tetramer and help stabilize it. The b-sheet
and helix organization and connectivity
are characteristic of members of the Ntn
hydrolase family, which have an N-termi-
nal catalytic residue that is often created
by autocatalytic processing3,4. In the PVA
structure, cysteine was observed as the N-
terminal residue, whereas the gene
sequence predicts an N-terminal
sequence of Met-Leu-Gly-Cys5. This find-
ing shows that three amino acids are
processed from the precursor N-terminus
to unmask a nucleophile with a free a-
amino group. Since PVA is an Ntn hydro-
lase, we can deduce that the N-terminal
cysteine in PVA is the catalytic residue.

The PVA and PGA enzymes thus share
a distinctive structural core but are oth-

erwise unrelated in primary sequence,
including the active site residue. Both
PGA and PVA have approximately the
same angle (+30°) between the b-strands
of the two b-sheets, which are decorated
by the active site residues in Ntn hydro-
lases. Using these b-sheets for structural
alignment reveals that the catalytic
regions of PVA and PGA overlap (Fig. 1c)
with a root mean square (r.m.s.) devia-
tion of 0.46 Å for the catalytic atoms. The
oxyanion hole in PVA consists of the Nd2
of Asn 175 and the NH of Tyr 82, corre-
sponding to the Nd2 of Asn B241 and NH
of Ala B69 in PGA. Other common inter-
actions at the active site include those
associated with the arginine (residue 228
in PVA and B263 in PGA), and the oxy-
gens of Asp 20 and Asn 175 in PVA and
Gln B23 and Asn B241 in PGA, which are
critical for positioning the lone pair of the
unprotonated N-terminal a-amino
group. In spite of these common features,
the pH profiles for optimum catalysis by
PGA and PVA are quite different2. That
for PGA is broad (pH 7–9) while it is
sharper for PVA, centering on pH 5.5.

Comparison of the catalytic cysteine
and serine residues in the two enzymes
indicates that their mechanisms may be
subtly different. It is notable that in PGA
the a-amino nitrogen and the seryl Og
have a dihedral angle of 60o while in PVA
these atoms are eclipsed (Fig. 1c,d). In
PGA the a-amino nitrogen makes a third
and well-defined tetrahedral bond to a
water molecule that bridges to the nucle-
ophilic seryl oxygen, thus completing its
tetrahedral hydrogen-bonding potential.
However, the contact from the a-amino
group to the seryl OH is unfavorable for a
hydrogen bond. It is argued therefore that
proton transfer from the seryl Og to the
neutral a-amino group in PGA will take
place via the water molecule, which acts as
a virtual base3. In PVA a bridging water
occurs in a similar position, stabilizing an
eclipsed geometry for the N-terminal cys-
teine. This eclipsed geometry between Sg
and the a-amino group (which presents
the hydrogen 2.8 Å from the nitrogen lone
pair), favors direct proton transfer. Such a
mechanism would also be facilitated by the
greater nucleophilic character of sulfur.

The absence of sequence similarity hides
the evolutionary relationship between PVA
and PGA now demonstrated by X-ray
analysis. The connectivity of sequential ele-
ments of secondary structure favors diver-
gent evolution of the Ntn hydrolases from a
common ancestor6. This family contains
enzymes of markedly varying size and
complexity, with a wide range of substrates
and operating in very different biological
contexts; it includes for example penicillin
G acylase, with a catalytic serine; the pro-
teasome7,8 and aspartylglucosaminidase9,
with threonine; and B. subtilis glutamine
PRPP amidotransferase10, with cysteine. All
are processed autocatalytically from inac-
tive precursors4,11–14. It is increasingly
apparent, however, that in spite of this vari-
ety, the simple presence of an N-terminal
serine, threonine or cysteine in an enzyme
with a nucleophilic mechanism may be suf-
ficient to place it in the Ntn hydrolase fam-
ily15. Thus since the conjugated bile acid
hydrolases (CBH) have extensive sequence
similarity to PVA16 and typically have an N-
terminal methionine followed directly by
cysteine, we can assign these enzymes to
the Ntn hydrolase family. We propose by
analogy with PVA that Cys 2 is the active
residue in CBH—that is, the active residue
is revealed by simple processing of the initi-
ation formyl-methionine. This is equiva-
lent to the process seen in the Ntn
hydrolase glutaminase domains of E. coli
glucosamine-6-P-synthase17 and glutamine
PRPP amidotransferase18.

The relationship of PVA to the choloyl-
glycine hydrolase enzymes sub-family may
well help define the real physiological role
of penicillin acylases. In addition, PVA and
CBH are a fresh test-bed for protein engi-
neering experiments to address the phar-
maceutical need to enlarge penicillin
acylase specificity to cephalosporins.
Indeed, there are natural antibiotics (col-
lectively known as cephalosporin P)19

which are elaborations of the C27 steroid
cholesterol nucleus of conjugated bile
acids, hinting at a possible distant evolu-
tionary link between antibiotics and cell-
signaling molecules.

Methods
Crystallization. Purified PVA from Bacillus
sphaericus20 was crystallized by the hanging
drop method. The well contained 700 ml 0.2
M sodium phosphate buffer at pH 6.4, 5 mM
dithiothreitol (DTT) in 300 ml saturated
ammonium sulphate and 100 ml 10% (w/v)
sucrose solution. The protein concentration
was 15 mg ml–1. Triclinic crystals were
obtained when the protein was mixed with
phenylacetic acid in 0.2 M Na2HPO4. The
hexagonal crystals belonged to space group

Penicillin V acylase crystal
structure reveals new Ntn-
hydrolase family members
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P65 with cell dimensions a = b = 208.4, c = 96.3 Å. The
triclinic cell belonged to P1 with unit cell a = 47.4, b =
129.6, c = 156.7 Å, a = 88.3, b = 83.4, g = 84.6. 30% glyc-
erol was used as cryoprotectant for freezing triclinic
crystals at 120 K. Heavy atom derivatives of the crystals
were prepared by soaking overnight in crystallization
solution containing 10 mM potassium dicyanoaurate or
ethylmercurichloride.

Structure solution. For a summary of structure determi-
nation and refinement, see Table 1. The diffraction data
were processed using DENZO21 and the CCP4 programme
suite22. The Au and Hg derivative sites were located from
a combination of difference Patterson maps and Au
phased Fourier maps. The parameters for the sites of
heavy atoms in both the derivatives were then refined
using MLPHARE23. The boundaries of the tetramer were
selected from the initial electron density map improved
by DM24 and the Ca trace for one monomer defined using
QUANTA25. Cycles of map improvement using DM and
model building located the N-terminal 330 residues.
After modelling 203 water molecules in the monomer
using ARP26, followed by several cycles of refinement in
REFMAC27, the Rcryst and Rfree values28 were 0.23 and 0.25,
respectively. Further refinement without non-crystallo-
graphic restraints reduced the Rcryst and Rfree to 0.19 and
0.24. The difference map (Fo - Fc) now showed three dis-
tinct blobs of density about the S of Cys 1; they were
interpreted to be three oxygens forming cysteic acid.
Extra density in the vicinity of the N-terminal cysteine fit-
ted an oxidized DTT molecule29. Finally, isotropic temper-
ature factors for individual atoms were introduced,
refined and anisotropic scaling was used.

The structure in the triclinic crystal form was solved by
molecular replacement with AMORE30, using the refined
tetramer coordinates from the hexagonal crystal form.
Two tetramers were present in the unit cell. Initial refine-
ment using rigid body and maximum-likelihood calcula-
tions on atomic parameters brought down the Rcryst and
Rfree to 0.25 and 0.31. No extra density was detected
around sulfur at the N-terminal cysteine in the difference
density map. Thus it was clear that the cysteine was not
oxidized. Water molecules were placed above the 3s
level in the difference density using the program ARP
and retaining NCS restraints. Individual atomic B factors
were refined in the final stages.

a

b

c

d

Fig. 1 a,The PVA tetramer showing the main chain as ribbons. The A-D
(and B-C) dimer is packed around the central helix with other interac-
tions occurring at the tetramer core and through the cross-over of the C-
terminal b-strands. The tetramer is further stabilized by the contacts of
the extended loop to the adjacent subunit. The N-terminal cysteine is
exposed in all subunits, it is presented towards the reader in A and B.
Thus the quaternary organization will not be expected to affect reactivi-
ty in any significant way. b,The PVA monomer with its N-terminal cat-
alytic cysteine highlighted in the center of the figure. The abba sandwich
that comprises the central core is characteristic of Ntn hydrolases, and
the structural elements share the same topology and connectivity as
those in PGA. The two excursions are the extended loop, which stabilizes
both the dimer and the tetramer structures, and the C-terminal strand,
which interacts with the other monomer of the dimer. c, The overlap of
the catalytic environment in PVA and PGA. The PVA structure is repre-
sented with a green Ca trace and thick bonds for the amino acids in the
catalytic site and the oxyanion hole; the PGA structure has a yellow Ca
trace with the highlighted residues drawn in ball and stick figures. The
oxygen atoms are colored red, nitrogen blue, sulfur yellow and carbon
green. The smaller sphere representing water (orange) belongs to PVA.
Note the coincident position of atoms at Asn 175, at the main chain NH
82 and at the NH2 atom of Arg 228. The more eclipsed conformation of
the cysteine is apparent. d, The electron density of PVA calculated with
coefficients (2Fo - Fc) and with 2.8 Å data in the region of the catalytic cys-
teine. The map is contoured at 1s. In this view the water molecule can be
seen near the Sg. The eclipse of the N and the Sg in the cysteine completes
the tetrahedral interactions at the a-amino group.
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Coordinates. Coordinates have been
deposited in the Protein data bank (acces-
sion codes 2pva (oxidized form) and 3pva).
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Table 1 Data collection, structure solution and refinement parameters

Data set Native 1a Native 1b Hg deriv. Au deriv. Native 2
Space group P65 P65 P65 P65 P1
Collection temperature 293 K 293 K 293 K 293 K 120 K
Resolution (Å) 20 - 3.5 20 - 2.5 20 - 3.5 20 - 3.5 18 - 2.8
Reflections measured 72,423 239,296 43,844 52,945 111,412
Unique reflections 29,644 80,217 25,027 24,481 77,056
Completeness (%) 98 97 82 80 85
Rmerge

1(I) 0.093 0.082 0.167 0.216 0.053
Collection facility R-axis Daresbury R-axis R-axis R-axis
Riso

2 0.23 0.24
Number of sites 12 8
Rcullis

3 (a/c) 0.69/0.68 0.82/0.85
Phasing power4 (a/c) 1.63/1.20 1.10/0.84
No.reflections phased 24,032
Mean figure of merit 0.37
Refinement
Structure Native 1 Native 2
Resolution (Å) 20.0–2.5 14.0–2.8
NCS restraint 0 8
No. protein atoms 10,372 2,605
Solvent 897 350
DTT 32
Reflections (work/free) 75,753/3,963 72,876/3,858
Rcryst/Rfree

5 0.193/0.245 0.211/0.243
R.m.s. deviation6

Bonds (Å)/angles (°) 0.02/2.0 0.02/2.1
Dihedral angles (°)
Planar/staggered/ortho 7.0/15.0/20.0 7.0/15.0/20.0
Average B factor (Å2) 57.3 56.6

1Rmerge (I) = ShSi|Ih,i - <Ih>|/ShSiIh,i where I is the observed intensity. <I> is the average intensity of multiple observations of symmetry related reflections.
2Riso = S||FPH| - |FP||/S|FP|, where |FP| is the protein structure factor amplitude and |FPH| is the heavy atom derivative structure factor amplitude.
3RCullis = S|E|/S||FPH|-|FP|| for acentric (a) and centric (c) reflections.
4Phasing power for acentric (a) and centric (c) reflections = r.m.s (|FH|/E) where FH is the heavy atom structure factor amplitude and E is the residual
lack of closure error.
5Rcryst = S||Fo|-|Fc||/S|Fo|; Rfree is the same as Rcryst but was calculated using a separate validation set of reflections that was excluded from the refinement
process.
6R.m.s. deviation in bond length and angle distances from Engh and Huber.
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